We report the efficacy of CoFeB/FeNiSiB hybrid ferromagnetic layers as free layers in magnetic tunnel junctions. A junction with a CoFeB (2.25 nm)/FeNiSiB (0.75 nm) free layer exhibited a tunneling magnetoresistance ratio and a resistance-area product value of 130% and 25 Xlm 2 , respectively. The critical current density for spin transfer torque (STT) switching was 2.3 MA/cm 2 . This study suggests that the addition of an amorphous FeNiSiB in the free layer enhances the magnetotransport properties. A magnetic tunnel junction (MTJ), which basically consists of a ferromagnetic/insulator/ferromagnetic trilayer, is one of the core components in magnetic random access memory (MRAM) modules.
. This study suggests that the addition of an amorphous FeNiSiB in the free layer enhances the magnetotransport properties. A magnetic tunnel junction (MTJ), which basically consists of a ferromagnetic/insulator/ferromagnetic trilayer, is one of the core components in magnetic random access memory (MRAM) modules.
1,2 For a memory application, there are key parameters that need to be enhanced simultaneously. First, a large TMR ratio is required for fast reading and high reading margins. Large tunneling magnetoresistance (TMR) ratios are currently achieved using ultrathin MgO insulating barriers. [3] [4] [5] [6] A TMR ratio of nearly 500% is observed for well-formed crystalline bcc CoFeB (001)/MgO (001)/bcc CoFeB (001) structures, 7 which is related to the phenomena of spin dependent tunneling for crystalline barriers. 2, 8 Second, a low switching current density for spin transfer torque (STT) switching, J c , is critical for the scalability. [9] [10] [11] In the STT switching, the magnetization of the free layer is reversed by injected current itself rather than external magnetic field. Because the total density of MRAM is limited by the size of each transistor, a lower amount of current is injected to the MTJs as the transistor gets smaller. Below a particular current density, the free layer of an MTJ cannot be switched.
The intrinsic switching current density, 11,12 J c0 can be expressed as
where H ext is the external field along the easy axis (in-plane), M S is the saturation magnetization of the free layer, t is the thickness of the free layer, a is the Gilbert damping constant of the free layer, H k is the effective in-plane anisotropy field of the free layer, is Planck's constant divided by 2p, and g is the spin transfer efficiency which is a function of the polarization and the relative angle between the free and pinned layer. The target J c was set below 5 Â 10 5 A/cm 2 in order to decrease the memory scales below few tens of nm.
13
In addition, the value of the resistance-area (RA) product has to be low enough to ensure switching margin before reaching the breakdown of MTJs. To reduce J c , a material for free layer that possesses both low a and low M S would be ideal. Up to these days, CoFeB (either Co 40 Fe 40 B 20 or Co 60 Fe 20 B 20 ) is considered as a de facto ferromagnet for the free layer because it offers high spin polarization and bcc (001) crystalline structure on the (001) MgO tunnel barrier. However, among various ferromagnets, Ni 80 Fe 20 (permalloy) thin film appears more attractive in terms of lowering J c , because it has smaller a (0.010) and lower M S (800 emu/cm 3 ) compared to those values of CoFeB (0.014 and 1190 emu/cm 3 ). 14, 15 An interesting attempt by Yuasa et al. 16 was made where a hybrid layer of CoFeB/NiFe was used as a free layer. However, they reported that a NiFe layer above a CoFeB free layer induced fcc (111) CoFeB crystalline structure instead of bcc (001) one after annealing because the crystallization of the NiFe preferred fcc (111), and, as a result, the TMR ratio decreased. Though NiFe was unable to serve the purpose, this hybrid free layer approach seems still interesting. In this study, we adopt an amorphous soft magnetic Fe 62 Ni 16 Si 8 B 14 instead of (3.6 )/MgO(1.4)/free layer /Ta(3)/Ru(7) by dc magnetron sputtering under the base pressure below 5 Â 10 À9 Torr. The rf sputtering was used for the MgO deposition. The free layer above the MgO barrier was varied among 8 different types (see Table I ). Each sample went through post-deposition annealing at 320 C for 1 h in a magnetic field of 3 kOe under 1 Â 10 À6 Torr. The TMR and RA values of the MTJ film stacks were measured by a current-in-plane tunneling (CIPT) method. 19 A few selected MTJ films were further fabricated by e-beam lithography and ion-beam etching. We used 80 Â 160 nm 2 nanopatterned junctions for transport measurement as well as for observing STT switching. The cross-section images were obtained by high resolution transmission electron microscopy (HRTEM). The transport properties and the STT switching figures were obtained by a two-probe measurement system.
The transport characteristics of the MTJs measured by the CIPT method on the read voltage of 5 mV are shown in Fig. 1 one of the most important factors to get high TMR ratio due to the coherent tunneling. 2, 8 All other conditions being equal, there is a possibility that a thin FeNiSiB layer addition can help the MgO/CoFeB interface smoothing. 20 Another suggestion is that the addition of FeNiSiB affects positively to the B diffusion to the adjacent layers such as Ta or Ru after annealing or the crystallization of the CoFeB layer. 21 To determine the role of the FeNiSiB thin layer in the MTJs, HRTEM was used to determine the microstructure of the two types of MTJs. The (100) plane of MgO makes an angle of 45 with respect to the (110) plane of CoFeB resulting in an MgO (100)[001]//CoFeB (100)[011] epitaxial relation. 22, 23 In Fig. 2(a) , Type (2-b) structure appears fully crystallized to the bcc structure, which gives the highest TMR ratio among the samples. However, there is the amorphous-dominant free layer on Type (2-d), as shown in Fig. 2(b) . Even though Type (2-d) structure formed similar MgO (100) tunnel barriers as Type (2-b), Type (2-d) exhibits only partially crystallized phases. This indicates that the FeNiSiB layer maintains an amorphous phase even after annealing.
We chose and carried out nano-patterning for Type (1-c) and (2-b) samples, each from 2-and 3-nm thick free layer groups, because they show the highest TMR values (see Table I ). Both samples also have relatively low RA values. These attributes are promising for MRAM operation. The STT switching behaviors of two MTJ samples are displayed in Fig. 3 . In each sample, the offset field H off arose due to the uncompensated stray field that appeared from the pinning structure or due to the roughness. 24 Fig. 3(a) is the result of the current switching with Type (1-c). The critical current density J c averaging the switching from parallel to antiparallel (P to AP) and antiparallel to parallel (AP to P) states is 1.26 Â In the field of MRAM, it is required for MTJs to have a thermal stability of over 40 that will retain data for at least 10 years. 25, 26 An equation 27 for assessing thermal stability is where H c is the coercivity, K u is the uniaxial anisotropy constant, and V is the volume of the free layer, k B is the Boltzmann constant, T is the ambient temperature, f 0 is the attempt frequency of thermal agitation (¼10 9 /s), and s is the measuring time. Here, we set the s to 40 s because it is the periodic time of a 1 cycle-field sweep. The relationship between temperature and the switching field of Type (2-b) is shown in Fig. 4(a) . Based on the result, H c on each temperature can be described in Fig. 4(b) . When we set H k ¼ H c (4 K) ¼ 110 Oe, the D values were calculated to be 31.2 at 200 K and 35.7 at 300 K by following Eq. (2). 28 The reason why H c values decreased to 200 K instead of monotonically decreased to 300 K as temperature increased is remained unknown at the moment.
In summary, we investigated the magnetotransport and switching behaviors of MTJs with CoFeB/FeNiSiB hybrid free layers. We found an improvement of the TMR ratios and a reduction of the RA values. Spin-transfer-torque switching measurement was performed where the critical current density was 2.3 MA/cm 2 , and the thermal stability factor was 35.7 at RT.
